Double-walled carbon nanotubes ͑DWCNTs͒ with a purity higher than 99% were synthesized by chemical vapor deposition, and their Raman spectra were observed at different excitation wavelengths ex . The spectra had a unique feature compared with single-walled carbon nanotubes ͑SWCNTs͒: the G-band shape was distinctly different from that of SWCNTs and showed a clear ex dependence. The pure DWCNT samples showed complex radial breathing modes ͑RBM͒ spectra. The mode peaks were unambiguously classified into those for the inner and outer tubes by applying a simple analytic model considering the interwall interaction. After isolation treatment of the pure bundled samples, we observed RBM signals of DWCNTs having an identical inner tube with different outer tubes. The peculiar behavior of the G-band shape was interpreted by resonance enhancement of the outer tube.
I. INTRODUCTION
A double-walled carbon nanotube ͑DWCNT͒ consisting of two concentric cylindrical graphene layers has a high potential for future important applications such as field emitters of electron beam and nanometer-sized electronic devices. [1] [2] [3] However, many basic properties of DWCNTs are not yet well investigated compared with single-walled carbon nanotubes ͑SWCNTs͒. This is partly due to theoretical barriers in treating the interaction between the inner and outer tubes, and experimental difficulties in preparing pure DWCNT samples suitable for characterization. Several groups have recently reported synthesis of "high-quality" DWCNTs by various methods such as the "peapod method," which is to induce coalescence of C 60 molecules encapsulated in SWCNTs, 4, 5 and by more direct growth methods such as arc discharge 6, 7 and chemical vapor deposition ͑CVD͒. [8] [9] [10] [11] [12] [13] However, these products often contained a non-negligible amount of by-products such as SWCNTs, multiwalled carbon nanotube with more than three tube walls ͑MWCNTs͒, and amorphous carbon. These species may hide the intrinsic nature of DWCNTs. In fact, as shown later in this paper, even a small amount of SWCNTs may hide weak Raman signals of DWCNTs.
Here, we used a CVD method to synthesize carbon nanotube because it provides the highest yield in the reported techniques and has a high flexibility in optimizing the growth process by combining various growth parameters such as the carbon source, the growth temperature, the catalyst species, and the catalyst-supporting material. In this work, n-hexane was used for the carbon source, MgO as the catalyst supporting material, and a ternary elemental mixture of Fe/ Co/ Mo as the catalyst. We have successfully prepared almost 100% pure DWCNT samples by optimizing the catalyst composition combined with postgrowth purification. The radial breathing mode ͑RBM͒ and the G band of our high-purity samples were studied in detail by Raman scattering. Although lattice dynamical calculations for MWCNTs considering the interwall interaction were proposed, 14, 15 they have rarely been applied to analysis of observed DWCNT spectra. In this paper, we analyzed the RBM of pure DWCNT samples by a simple analytic model of Dobardžić et al., 15 and clarified the one-to-one correspondence between the observed RBM frequencies and the inner and outer tube diameters. We have also found that pure DWCNT samples present unique features in the G-band shape. They were studied in detail by preparing isolated DWCNT samples.
In the following, Sec. II describes the method of sample preparation ͑growth, purification, and isolation of DWCNTs͒ and characterization ͑high-resolution transmission electron microscope and Raman scattering͒, Sec. III reports the results of sample preparation and Raman characterization, and Sec. IV analyzes the RBM spectra and discusses unique Raman spectral features observed in high-frequency bands. The last section summarizes the present work.
II. EXPERIMENT
The DWCNT samples were synthesized by CVD using a ternary metallic catalyst consisting of Fe, Co, and Mo as follows: ammonium ferric citrate and ammonium molybdate were first dissolved in distilled water and cobalt acetate in ethanol. After mixing these solutions, MgO powder was added as a supporting material of the catalyst. After drying in air at 60− 70°C, the resultant powder was put in a quartz boat placed in a quartz tube surrounded by an electric furnace. Carbon nanotubes were grown at 850°C using n-hexane as a carbon source. Argon gas was introduced to the reactor during the heating and cooling processes. For a͒ Author to whom correspondence should be addressed. Electronic mail: d5830004@edu.kit.ac.jp. purification, as-grown samples were annealed in air at 500 − 700°C to remove undesirable species such as amorphous carbon, defective graphitic products, and SWCNTs. 6, 10, 12, 13 As a preliminary experiment for this study, we have also tested SiO 2 , zeolite, and Al 2 O 3 as supporting material of catalyst. As a result, SWCNTs grew in all cases, while DWCNTs grew only for MgO. DWCNTs grew from ethanol as well as n-hexane as the carbon source. Our result showed that Fe or Co is needed as the main catalyst and Mo as the auxiliary one and, furthermore, MgO is suitable for the supporting material. For the efficient growth of DWCNTs, we have concluded that some interaction between MgO and the catalyst is necessary, and Mo should be included in the catalyst to adjust the catalyst particle size for growing DWCNTs. The catalyst composition of Fe/ Co/ Mo was optimized as detailed later.
An isolated DWCNT was prepared as follows: Purified samples were first dispersed in butanol. After sonication, the solution was centrifuged to separate the isolated DWCNT from bundles. Then, the supernatant of the resultant solution was dropped onto a Si substrate covered with a Au layer by sputtering, and finally it was dried in vacuum at 77 K. The sample morphology was observed in detail by a highresolution transmission electron microscope ͑HRTEM͒ to identify SWCNTs, DWCNTs, and MWCNTs with characterization of their tube diameter and abundance. A microRaman scattering experiment was also carried out at room temperature and 4.2 K using an Ar + laser at a wavelength of ex = 458, 488, and 515 nm and an Ar-Kr mixed gas laser at 568 and 647 nm for excitation. The scattered light was dispersed by a double monochromator of focal length 85 cm and the spectra were detected by a liquid-nitrogen-cooled charge-coupled device camera. The stray light was rejected by a notch filter in front of the entrance slit of the monochromator. Figure 1͑a͒ shows a typical HRTEM image for the asgrown sample using a catalyst with the composition Fe/ Co/ Mo= 1.0/ 2.5/ 3.5 ͑wt %͒. The sample consists of SWCNTs, DWCNTs, and MWCNTs ͑here, only a threewalled carbon nanotube, TWCNT, was observed͒ as denoted in the figure. Their relative abundance is shown in the inset of Fig. 1͑b͒ by the circle graph. Distribution of the innermost-tube diameter was also evaluated by HRTEM as plotted in Fig. 1͑b͒ by the bar graph. Although the as-grown sample was dominated by DWCNTs, it still included undesirable products such as SWCNTs, TWCNTs, and defective graphitic products. Figure 1͑c͒ shows a HRTEM image of the same sample after purification. The product was almost completely dominated by DWCNTs. TWCNTs were efficiently removed by the purification process because the present samples were very defective. The tube diameter of DWCNTs was distributed in d 1 = 0.6− 1.5 for the inner tube ͓see Fig.  1͑d͔͒ and d 2 = 1.2− 2.2 nm for the outer tube.
III. RESULTS

A. Synthesis of DWCNT
Effect of purification
In Fig. 2 , we compare Raman spectra of the products between the as-grown sample ͑a͒ and the purified one ͑b͒ using an Ar + laser at ex = 488 nm for excitation. The intermediate frequency region ͑450− 1200 cm −1 ͒ is omitted because of the absence of useful information. The RBM at 100− 400 cm −1 and the G bands for the tangential vibration of carbon atoms ͑1500− 1600 cm −1 ͒ show distinctly different features after the purification process. As for the G band, the as-grown sample shows a very similar spectrum to that of typical SWCNTs, 2, 16, 17 while the purified one shows a unique structure consisting of a main twin peak at 1550 − 1600 cm −1 and additional small peaks at around 1500 − 1550 cm −1 . The RBM also shows a drastic change by purification: as the most striking feature, the bands at 240 and 260 cm −1 ͑marked by triangles͒ disappear, while the bands at 340 and 370 cm −1 ͑circles͒ appear, and the band at 300 cm −1 ͑arrow͒ strongly enhances in intensity. The purification process completely eliminated the D band originating from defective nanotubes and graphitic products. In the present experiment, we always obtained a very high G / D ratio ͑Ͼ100͒ for the purified samples as an evidence of their high quality.
Although dominated by DWCNTs, the as-grown sample shown in Figs. 1͑a͒ and 1͑b͒ still contained a small amount of SWCNTs. Recalling that the as-grown sample showed a very similar G band to that of typical SWCNTs, and that unique features of DWCNT spectra appeared only in highly purified samples, the Raman scattering efficiency of DWCNTs is probably very low compared to that of SWCNTs. Previously, many groups have reported the synthesis of DWCNT by different growth methods with Raman characterization. [4] [5] [6] [7] [9] [10] [11] [18] [19] [20] However, unique G-band features of DWCNTs similar to ours shown in Fig. 2͑b͒ were hardly observed except for those carefully purified by oxidation in air. 12, 13 These facts imply that Raman spectra of "DWCNT" samples sensitively depend on the purity.
A detailed discussion on the characteristic Raman spectra of RBM and G bands of DWCNTs will be given in the following sections for Raman spectral analyses.
Catalyst composition dependence
Here, we describe the dependence of product species on the composition of ternary metallic catalyst, comparing with the result of Fig. 1 for Fe/ Co/ Mo= 1.0/ 2.5/ 3.5 ͑wt %͒. Figures 3͑a͒ and 3͑c͒ show HRTEM images for the purified samples for the catalyst composition of Fe/ Co/ Mo = 1.0/ 2.5/ 3.5 and 2.5/ 1.0/ 3.5 ͑wt %͒, respectively. The abundance of SWCNTs, DWCNTs, and MWCNTs for each sample is also shown in Figs. 3͑b͒ and 3͑d͒, respectively, with the distribution of the innermost-tube diameters. When the Mo content was relatively small ͓Fig. 3͑a͒; Fe/ Co/ Mo = 1.0/ 2.5/ 2.5͔, the abundance of triple-or three-walled nanotube ͑TWCNTs͒ and four-walled nanotube ͑FWCNTs͒ increased as shown in Fig. 3͑b͒ . On the other hand, when the Co content was reduced and that of Fe was increased ͓Fig. 3͑c͒; Fe/ Co/ Mo= 2.5/ 1.0/ 3.5͔, the abundance of DWCNTs and TWCNTs was nearly 50:50, with a small amount of FWCNTs as shown in Fig. 3͑d͒ . These results show that the catalyst composition sensitively affected the product species. We tested various compositions of Fe/ Co/ Mo to obtain DWCNTs with a purity higher than 99% for Fe/ Co/ Mo = 1.0/ 2.5/ 3.5 as shown in Fig. 1 .
Our results indicate that both the ratio of Fe/ Co and the Mo content are important to raise the yield of DWCNT. In our speculation, Fe and/or Co are the main catalyst for the growth of DWCNTs, and Mo plays a supporting role in determining the size of these catalyst particles.
B. Raman scattering characterization
To further characterize pure DWCNT samples, we studied low-temperature ͑4.2 K͒ Raman spectra for the purified sample shown in Fig. 1͑c͒ for different laser excitation wavelengths ex .
Radial breathing mode
The variation of RBM bands with ex is displayed in Fig.  4͑a͒ . The RBM bands show a clear ex dependence, reflecting the difference in resonance conditions for nanotubes with different chiralities. A very unique structure of DWCNT appears in the "clustered lines;" 21 clusters of very closely spaced fine peaks. For ex = 647 nm, e.g., clustered lines appeared at 280− 290 and 350 cm −1 . The clustered lines are observed near the higher frequency end of the RBM region. According to Pfeiffer et al., 21 clustered lines derive from bundles consisting of DWCNTs with the same inner-but different outer tubes: because of the small differences in the interwall interaction of individual DWCNTs, the RBM band for the same inner tube consists of multiple fine peaks closely spaced. While the clustered lines of Pfeiffer et al. 21 showed Gaussian envelopes, ours showed different ones. It means that an inner tube can "wear" outer tubes with different diameter distributions depending on the growth method. 
G band
The G band of the pure DWCNT also showed a peculiar ex dependence as depicted in Fig. 4͑b͒ . While the G band in SWCNT has been well examined experimentally and theoretically since its discovery, 2, 16, 17 that in DWCNT has still scarcely been studied. 4, 5, 19 The present sample clearly showed a main twin peak for ex = 488 and 515 nm, as denoted by the dashed lines in Fig. 4͑b͒ , while a single main peak was observed for ex = 458, 568, and 647 nm between the frequencies of the twin peak with a shoulder at lower frequency ͑ ex = 458 nm͒ or tails to higher frequency ͑ ex = 568 and 647 nm͒. Additional weak peaks at around 1500 − 1550 cm −1 also show a ex dependence: they shift to lower frequencies as ex decreases, as marked by the dotted lines.
Bandow et al. and Rauf et al. reported ex dependence of Raman spectra for the peapod-based DWCNT. 4, 19 Their RBM spectra show characteristic features of DWCNT including the "clustered lines." However, their G band shows very dissimilar spectra to ours: unique twin-peak structures are not observed. Since their samples were not processed by purification, residual SWCNTs may have severely influenced the G-band features. Hulman et al. reported no twin-peak structures in their peapod-based DWCNT samples without purification. 5 They observed, however, a clear ex dependence of the G band, together with additional weak peak structures as observed here.
The unique twin-peak structures of the G band in DWCNTs have been assigned to either the inner or outer nanotube vibrations by Simon et al. 18 and Peuch et al. 20 In the next section for discussion, the drastic variation of the G-band structure with ex has been analyzed taking their assignment into consideration. Another Raman scattering experiment using isolated DWCNT is also described in the next section, which gives a supporting evidence for their assignment.
IV. DISCUSSION
A. Analysis of RBM "Dobardžić model…
The observed RBM frequencies of pure DWCNT samples were analyzed by a simple analytical model of Dobardžić et al. 15 for DWCNTs: the tube walls were treated as coupled harmonic oscillators with "mass" m i and "spring constant" k i ͑i = 1, 2 for the inner and outer wall, respectively͒. The mass m i is given by the total mass of carbon atoms per unit tube length. So, it is proportional to the diameter 
͑1͒
where the dynamical matrix W is written as
Here, k is a force constant characterizing the interwall interaction as seen in Fig. 5͑a͒ . The RBM frequencies of DWCNTs are given by the square root of the eigenvalues of W. The interwall force constant k was determined by referring to the interlayer interaction in graphite and estimated from the B 2g -phonon frequency ͑127 cm −1 ͒ as k = 1.16 ϫ 10 −5 amu/ ͑cm 2 Å͒. The spring constant k i of each wall was determined so that the characteristic frequency of RBM for isolated SWCNT agreed with a common empirical formula for SWCNTs, i = 248/ d i ͑ i in cm −1 and d i in nanometers͒. 22 We further assumed for simplicity a common interwall distance of 0.35 nm, i.e., d 2 = d 1 + 0.7 nm. This was chosen as a representative value that is consistent with our HRTEM observation ͑d 1 = 0.6− 1.5 nm and d 2 = 1.2 − 2.2 nm͒.
Under these assumptions the RBM frequencies were calculated as a function of the tube diameter as shown in Fig.  5͑b͒ . Here, the upper and lower solid curves correspond to the inner and outer tube vibrations, respectively. The dashed curves show the relation i in cm −1 for isolated SWCNT. When the interwall interaction is included, the RBM frequencies are both upshifted roughly by 10− 30 cm −1 in the calculated range of diameter. This effect becomes most evident in the inner tube at relatively large diameters as denoted by the arrow. This upshift is easily understood by considering that the restoring force of both oscillators is increased or, in other words, the tube walls are "stiffened" by the inclusion of the interwall interaction.
The calculated RBM frequencies can explain the observed RBM frequencies in a complete manner as described below: Fig. 6 shows a comparison between ͑a͒ the calculated RBM frequency, which is a replot of Fig. 5͑b͒ rotated clockwise by 90 deg, and ͑b͒ the observed RBM spectrum for ex = 458 nm at 300 K. We can easily find pair peaks belonging to the same DWCNT as follows: as an example, the vertical guide line through a major peak at 275 cm −1 ͑see the arrow going upward͒ intersects the solid curve for the inner- For other excitation wavelengths also, we can easily identify the inner-and outer-tube peak signals deriving from the same DWCNT as summarized in Fig. 7 . Here, the corresponding peaks are denoted by the same alphabets of capital and small letters for the inner and outer tubes, respectively. There is a boundary at about 190 cm −1 separating the innerand outer-tube signals. This figure shows that some broad peaks involve signal components due to slightly different tube diameters. The tube diameters deduced from the present Raman analysis ranged from 0.65Ͻ d 1 Ͻ 1.4 nm to 1.4Ͻ d 2 Ͻ 2.1 nm for the inner and outer tubes, respectively. These values are in good agreement with the HRTEM observation. Some RBM peaks such as the peak A for ex = 647 nm in Fig. 7 show fine structures. This is a typical structure of DWCNTs called a clustered line, 21 which is more clearly observed in Fig. 4 at 4 .2 K. This structure will be analyzed in detail in Sec. IV C by comparing with RBM spectra for isolated DWCNT samples.
B. ex dependence of G band
Here, we analyze the ex dependence of the twin-peak structure of the G band in DWCNTs ͑Fig. 4͒ by referring to previous Raman studies. Although the twin-peak structures are all less clear compared to the present observation, the G peaks have been assigned to either the inner or outer nanotube of DWCNT: Simon et al. 18 prepared peapod-based DWCNTs consisting of a 13 C-enriched inner wall and natural carbon outer wall to assign the walls from the isotope shift. According to their analysis, DWCNTs consisting totally of natural carbon give the outer and inner tube vibrations at 1595 and 1580 cm −1 , respectively, at 90 K with ex = 488 nm. Here, the latter peak for the inner tube is much weaker than the other. Rauf et al. 19 and Bandow et al. 4 compared Raman spectra of DWCNTs with that of SWCNTs before the insertion of the peapod. The inner-tube vibration was observed at 1579, 1586, and 1587 cm −1 for ex = 488, 568, and 676 nm, respectively, at 25 K, 19 or 1587 and 1584 cm −1 for ex = 647 and 1064 nm, respectively, at 300 K. 4 Peuch et al. 20 observed the G band under hydrostatic pressures up to 10 GPa with ex = 633 nm at 300 K, and identified the inner-tube vibration by assuming that the inner tube had a lower pressure coefficient than the outer tube. The inner-and outer-tube vibration appeared at 1585 and 1595 cm −1 , respectively, at atmospheric pressure. To summarize these authors' findings, the outer-tube vibration always appears at a higher frequency than the inner-tube vibration. When ex is varied, the inner-and outer-tube vibrations vary at about 1579− 1587 and 1590− 1596 cm −1 , respectively.
Referring to these assignments, we have also deconvoluted our G peaks to two Lorentzian components as shown in Fig. 8 . The result shows that, when ex is varied, the innertube or lower frequency component shifted 1579 − 1593 cm −1 , while the outer-tube or higher frequency component varied in a smaller interval, 1595− 1602 cm −1 . The drastic variation of G bands in our pure DWCNT sample shown in Fig. 4 may be due to sensitive frequency variation of the inner-and outer-tube vibrations to the resonance condition. On the contrary, typical SWCNT samples show little frequency variation with ex in the G band, especially in the so-called G + band. 23 We cannot explain at present the peculiar ex dependence of the additional weak peaks marked by the dotted lines in Fig. 4 .
C. Isolated DWCNT and interwall interaction
Here, a detailed Raman scattering experiment is conducted for isolated DWCNT samples. As seen in the second trace of Fig. 4͑a͒ , our pure DWCNT sample showed a clustered line in the RBM region at 370 cm −1 for ex = 488 nm at 4.2 K. The spectrum was remeasured at 300 K and plotted in Fig. 9͑a͒ in the top trace #1. After isolation, the complicated RBM peaks of #1 disappeared, and the clustered line turned into a sharp RBM peak as marked by the circles at 370 cm −1 . ͑The spectra #2 − # 7 were obtained by observing different sample points by a microscope.͒ Close inspection shows that the peak is located in 370− 377 cm −1 as shown in the inset. In the lower frequency region at Ͻ190 cm As is well known, we have to consider the resonance effects in analyzing the Raman spectra of carbon nanotubes. 24 We have assigned the chirality of the inner tube of the present sample only as ͑n , m͒ = ͑5,4͒, 21 while there are multiple candidates for the outer tube. In our speculation, the inner-and outer-tube RBMs marked by circles in #2 − # 7 derive from a common DWCNT. The interwall distance decreases from #2͑⌬d / 2 = 0.34 nm͒ to #7 ͑0.29 nm͒. We consider that the other RBM peaks marked by crosses appeared because of insufficient treatment of isolation. Pfeiffer et al. 21 deduced the interwall distance of peapod-based DWCNTs by comparing observed RBM spectra with a simulation. Their result, ⌬d / 2 = 0.31− 0.37 nm, agrees well with the present result. Figure 9͑b͒ shows the high-frequency region spectra of #1 − # 7. With the decrease of the interwall distance from #2 to #7, both of the twin-peak frequencies of the G band remain unchanged, as confirmed by the dotted and dashed lines in the figure. It means that both the lower frequency mode ͑or the inner-tube component; dotted line͒ and the higher frequency mode ͑or the outer-tube component; dashed line͒ are little affected in frequency by the variation of the interwall interaction between #2 − # 7. However, the intensity of the higher frequency component shows a large variation compared to the other. This may be due to resonance enhancement that occurred selectively to some outer tubes. On the contrary, the inner tube is identical for #2 − # 7 ͓͑n , m͒ = ͑5,4͒ only͔; thus, such an intensity variation does not occur for the lower frequency component. Additional small peaks ͑asterisk͒ may be due to insufficient isolation treatment. The left half of Fig. 9͑b͒ plots variation of one of the additional weak modes in Fig. 4͑b͒ , marked by asterisk. The peak shows a systematic variation from #2 to #7. Although the origin of this weak mode is unknown at present, it is clear that the peak frequency sensitively changes with the diameter of the outer tube or the interwall interaction.
V. SUMMARY
Our experiment on CVD growth of carbon nanotubes has revealed that precise control of the catalyst composition is a key factor in determining the number of walls in carbon nanotubes. We have successfully synthesized almost 100% pure double-walled carbon nanotubes ͑DWCNTs͒ by using MgO as a catalyst-supporting material, with a ternary catalyst of Fe/ Co/ Mo at the optimal composition followed by a postgrowth oxidation process for purification.
Raman spectra of the pure DWCNT samples showed very clearly a characteristic twin-peak structure in the G band. The band shape showed a drastic variation with the excitation laser wavelength ex . It was analyzed by decomposing to two components tentatively assigned to the innerand outer-tube vibrations. The drastic variation of the G-band shape was explained by a sensitive frequency dependence of the two constituent peaks on ex . The G band was accompanied by multiple weak peaks whose frequency also clearly varied with ex . Their origin is not yet clear.
Radial breathing modes ͑RBM͒ of the pure DWCNT samples were unambiguously assigned to the inner-and outer-tube vibrations by applying a simple analytic model considering the interwall interaction.
After isolation treatment of the pure samples, we observed RBM signals of DWCNTs having an identical inner tube with different outer tubes. These isolated DWCNT samples showed different intensities in the G-band twin peak only for the higher frequency component. The result was interpreted by the presence of resonance enhancement, depending on the chirality of the outer tube.
